Abstract. Matrix-phased array transducers for real-time three-dimensional ultrasound enable fast, non-invasive visualization of cardiac ventricles. Segmentation of 3D ultrasound is typically performed at end diastole and end systole with challenges for automation of the process and propagation of segmentation in time. In this context, given the position of the endocardial surface at certain instants in the cardiac cycle, automated tracking of the surface over the remaining time frames could reduce the workload of cardiologists and optimize analysis of volume ultrasound data. In this paper, we applied optical flow to track the endocardial surface between frames of reference, segmented via manual tracing or manual editing of the output from a deformable model. To evaluate optical-flow tracking of the endocardium, quantitative comparison of ventricular geometry and dynamic cardiac function are reported on two openchest dog data sets and a clinical data set. Results showed excellent agreement between optical flow tracking and segmented surfaces at reference frames, suggesting that optical flow can provide dynamic "interpolation" of a segmented endocardial surface.
Introduction
Segmentation and dynamic tracking of the endocardial surface are critical for quantitative assessment of an echocardiographic exam and diagnosis of pathologies such as myocardium ischemia. Ultrasound is the cardiac screening modality with the highest temporal resolution, but is still limited to two-dimensions in most medical centers. Developments in 3D echocardiography started in the late 1980s with the introduction of off-line 3D medical ultrasound imaging systems. Many review articles have been published over the past decade, assessing the progress and limitations of 3D ultrasound technology for clinical screening [1] [2] [3] [4] . These articles reflect the diversity of 3D systems developed for both image acquisition and reconstruction.
Although 2D transducers can be configured to assemble a 3D volume from a series of planar views, only matrix phased array transducers can scan true three-dimensional volumes [5] . This technology fundamentally differs from former generations of 3D systems as a true volume of data is acquired in real-time (1 scan per second), enabling the cardiologist to view moving cardiac structures from any given plane in real-time. A first generation of real-time three-dimensional ultrasound (RT3D) scanners was introduced in early 1990s by Volumetrics [5] but acquisitions artifacts prevented the technology from meeting its initial expectation and reaching its full potential. A new generation of RT3D transducers was introduced by Philips Medical Systems (Best, The Netherlands) in 2000s with the SONOS 7500 transducer that can acquire a fully sampled cardiac volume in four cardiac cycles. Each scan produces ¼ of the cardiac volume so that 4 scans are performed and spatially aggregated to generate one ultrasound volume over one cardiac cycle. This technical design enabled to dramatically increase spatial resolution and image quality.
Clinical evaluation of 3D ultrasound data for assessment of cardiac function is performed via interactive inspection of animated data, along selected projection planes. Facing the difficulty of inspecting a 3D data set with 2D visualization tools, it is highly desirable to assist the cardiologist with quantitative analysis tools of the ventricular function. Complex and abnormal ventricular wall motion, for example, can be detected, at a high frame rate, via quantitative four-dimensional analysis of the endocardial surface and computation of local fractional shortening [6] . Such preliminary study showed that RT3D ultrasound provides unique and valuable quantitative information about cardiac motion, when derived from manually traced endocardial contours. Philips Medical Systems recently introduced a new RT3D ultrasound machine, the iE33 [7] that incorporates a ventricular analysis tool named QLAB quantification software. This tool includes an interactive segmentation capability for the endocardium using a 3D deformable model that alleviates the need for full manual tracing of the endocardial border. To assist the segmentation process over the entire cardiac cycle, we evaluated the use of optical flow (OF) tracking between segmented frames and tried to answer the following questions in this study: Cardiac motion analysis from images has been an active research area over the past decade. However, most research efforts were based on CT and MRI data. Previous efforts using ultrasound data for motion analysis include intensity-based OF tracking, strain-imaging, and elastography. Intensity-based OF tracking methods described in [8] [9] [10] [11] [12] [13] combine local intensity correlation with specific regularizing constraints (e.g. continuity). For strain-imaging or elastography, strain calculation and motion estimation are typically derived from auto-correlation and cross-correlation on RF data. The commercialized strain imaging package, "2D Strain" from General Electric [14] uses such a paradigm. Most published works on strain-imaging or elastography [14] [15] [16] [17] [18] are limited to 1D or 2D images. Early works [19] used simple simulated phantoms while recent work [20] used 3D ultrasound data sequence for LV volume estimation. The presence of speckle noise in ultrasound prevents the use of gradientbased methods while relatively large region-matching methods are relatively robust to the presence of noise. In this study, we propose a surface tracking application for a 4D correlation-based OF method on 3D volumetric ultrasound intensity data.
Method

Correlation-Based Optical Flow
Optical flow (OF) tracking refers to the computation of the displacement field of objects in an image, based on the assumption that the intensity of the object remains constant. In this context, motion of the object is characterized by a flow of pixels with constant intensity. The assumption of intensity conservation is typically unrealistic for natural movies and medical imaging applications, motivating the argument that OF can only provide qualitative estimation of object motions. There are two global families of OF computation techniques: (1) Differential techniques [21] [22] [23] that compute velocity from spatio-temporal derivatives of pixel intensities; (2) Regionbased matching techniques [24, 25] , which compute the OF via identification of local displacements that provide optimal correlation of two consecutive image frames. Compared to differential OF approaches, region-based methods using correlation measures are less sensitive to noisy conditions and fast motion [26] but assume that displacements in small neighborhoods are similar. In three-dimensional ultrasound, this later approach appeared more appropriate and was selected for this study. Given two data sets from consecutive time frames: ( )
∆ for each pixel in a small neighborhoods Ω around a pixel x is estimated via maximization of the cross-correlation coefficient defined as: (1)
In this study, correlation-based OF was applied to estimate the displacement of selected voxels between two consecutive ultrasound volumes in the cardiac cycle. The search window Ω was centered about every (5×5×5) pixel volume and was set to size (7×7×7).
Three-Dimensional Ultrasound Data Sets
The tracking approach was tested on three data sets acquired with a SONOS 7500 3D ultrasound machine (Philips Medical Systems, Best, The Netherlands):
-Two data sets on an anesthetized open chest dog were acquired before (baseline) and 2 minutes after induction of ischemia via occlusion of the proximal left anterior descending coronary artery. These data sets were obtained by positioning the transducer directly on the apex of the heart, providing high image quality and a small field of view. Spatial resolution of the analyzed data was (0.56mm 3 ) and 16 frames were acquired for one cardiac cycle. -One transthoracic clinical data set from a heart-transplant patient. Spatial resolution of the analyzed data was (0.8mm 3 ) and 16 frames were acquired for one cardiac cycle.
Because of the smaller field of view used to acquire the open-chest dog data and the positioning of the transducer directly on the dog's heart, image quality was significantly higher in this data set, with some fine anatomical structures visible. Cross-section views at end-diastole (ED) from the open-chest baseline data set, and the patient data set are shown in Fig. 1 . 
Segmentation
The endocardial surface of the left ventricle (LV) was segmented with two methods.
Manual
Tracing. An expert performed manual tracing of all time frames in the data sets, on rotating B-scan views (long-axis views rotating around the central axis of the ventricle) and C-scan views (short-axis views at different depths).
QLAB Segmentation. The QLAB software, (Philips Medical Systems), was used to segment the endocardial surface. Initialization was performed by a human expert and a parametric deformable model was fit to the data at each time frame. Segmentation results were reviewed by the expert and adjusted manually for final corrections. We emphasize here that QLAB is used as a semi-automated segmentation tool. The QLAB software was designed to process human clinical data sets. Significant anatomical
differences between canine and human hearts could lead to misbehavior of the segmentation software we decided to only apply the software tool to clinical data sets.
Tracking with Optical Flow
Tracking of the endocardial surface with OF was applied with initialization using the manually traced surfaces (for dog data and clinical data) and the QLAB segmented surfaces (for clinical data). Starting with a set of endocardial surface points (about three thousand points, roughly 1 mm apart for manual tracing and about eight hundred points, roughly 3 mm apart for QLAB) defined at ED, the OF algorithm was used to track the surface in time through the whole cardiac cycle. Since OF with correlationbased method is very sensitive to speckle noise, all data sets were pre-smoothed with edge-preserving anisotropic diffusion as developed in [27] . We emphasize here that OF is not applied as a segmentation tool but as a surface tracking tool for a given segmentation method.
Evaluation
We evaluated OF tracking via visualization and quantification of dynamic ventricular geometry compared to segmented surfaces. Usually comparison of segmentation results is performed via global measurements like volume difference or mean-squared error. In order to provide local comparison, we propose a novel comparison method based on a parameterization of the endocardial surface in prolate spheroidal coordinates [28] and previously used for comparison of ventricular geometries from two 3D ultrasound machines in [29] . The endocardial surfaces were registered using three manually selected anatomical landmarks: the center of the mitral orifice, the endocardial apex, and the equatorial mid-septum. The data were fitted in prolate spheroidal coordinates ( ) , , λ µ θ , projecting the radial coordinate λ to a 64-element surface mesh with bicubic Hermite interpolation and yielding a realistic 3D endocardial surface. The fitting process (illustrated in Fig. 2 for a single endocardial surface) was performed using the custom finite element package Continuity 5.5 developed at the University of California San Diego (http://cmrg.ucsd.edu). In this figure, we can observe the initial positioning of the data points and the surface mesh, and the fitted surface after fitting with very high agreement between the data and the mesh. A zoom is provided on a small region where the fitted surface and the points do not match exactly, due to region-based global optimization of radial projections. The fitted nodal values and spatial derivatives of the radial coordinate, λ, were then used to map relative differences between two surfaces, ε = (λ seg -λ OF ) / λ seg using custom software. The Hammer mapping was used to preserve relative areas of the flattened endocardial surface [30] .
For each time frame, root mean squared errors (RMSE) of difference in λ, over all nodes on the endocardial surface were computed, between OF and individual segmentation methods. Ventricular volumes were also computed from the segmented and the tracked endocardial surfaces. Finally relative λ differences maps were generated for end-systole (ES), providing a direct quantitative comparison of ventricular geometry. These maps are visualized with iso-level lines, quantified in percentage values of radial differences.
Results
Open-Chest Dog Data
Quantitative results, comparing OF and manual tracing, are plotted in Fig. 3 while three-dimensional rendering of the endocardial surfaces and difference maps at ES are shown in Fig. 4 .
RMSE results reported a maximum difference on radial absolute difference of 0.19 (average radial coordinate value was 0.7±0.2 at ED and 0.6±0.3 at ES) at frame 11 (start of diastole) on the baseline data set and 0.08 (average radial coordinate value was 0.7±0.3 at ED and 0.6±0.2 at ES) at frame 12 on the post-ischemia data set. Maximum LV volume differences were less than 7 ml on baseline data and 5ml on the post-ischemia data set. RMSE values were smaller for OF tracking on larger volumes. On the radial difference maps in Fig. 4 , we observe similar difference patterns in the baseline and the post-infarct data, demonstrating repeatability of the OF tracking performance on a same ventricular geometry but with different contractility patterns. An area with large error in the baseline comparison localized on the anterior-lateral wall disappeared in post-ischemia tracking. This error is caused by a small portion of tracked points that were confused by acquisition artifacts at the boundary between the first and second quadrants. This result suggests that the OF algorithm has difficulty to track large motion in the unconstrained healthy heart. Errors were well distributed over the entire surface with overall shape agreement. Similar maps can be used to examine local fractional shortening using the technique developed by the Cardiac Mechanics Group at Columbia University [6] and revealed similar patterns of abnormal wall motion after ischemia using of tracked surface or manual tracing, and corroborates the accuracy of OF tracking to provide dynamic functional information. 
Clinical Data
OF tracking was run with initialized surfaces provided by either manual tracing or the QLAB segmentation tool. Because of lower image quality on the clinical data set, compared to the open-chest dog data, we performed two sets of additional experiments. First, we checked if the time frame selected for initialization had an influence on the tracking quality. Based on manual tracing, we initialized OF tracking for the whole cardiac cycle with ED (forward tracking) or ES (backward tracking) and compared RMSE over the entire cycle. Results, plotted in Fig. 5a show very comparable performance, confirming that the OF seems to be repeatable and insensitive to initialization set up. We therefore selected the first volume in the sequences, triggered by EKG to correspond to ED. A second experiment tested the agreement between QLAB and OF tracking when increasing the number of reference surfaces used to re-initialize OF over the cardiac cycle. Results, plotted in Fig. 5b , show that agreement of OF tracking and QLAB segmentation increases with re-initialization frequency and reaches RMSE levels similar to the experiment with manual tracing for re-initialization every other frame. We point out that strong smoothing constraints, applied by the deformable model of the QLAB segmentation, lead to surface positioning that did not always correspond to the apparent high contrast interface. Finally, we compared RMSE values from forward tracking and from averaging forward and backward tracked shapes. We observed a large increase in agreement with the QLAB smooth segmentation when averaging tracked surfaces.
Given these results, we modified our protocol for tracking based on QLAB and reinitialized the OF every other frame, using the segmented surface. We did not need to use re-initialization for tracking based on manual tracing, since the RMSE was already very small without re-initialization.
RMS error of radial relative differences and LV volumes were computed and these results are plotted in Figure 6 Maximum RMSE, over the whole endocardial surface, was equal to 0.09 (average radial coordinate value was 0.6±0.2 at ED and 0.5±0.2 at ES) at frame 09 (after ES) with manual-tracing initialization and 0.08 (average radial coordinate value is about 0.6±0.2 at ED and 0.5±0.2 at ES) at frame 10 (after ES) with QLAB initialization (with re-initialization). Three-dimensional rendered results and relative difference maps at ES are shown in Figure 7 . Frame Number RMSE less than 0.1 maximum absolute differences in RMSE and maximum LV volume differences below 10 ml. When initialized with QLAB, OF tracking with reinitialization shows results with less than 0.08 maximum RMSE difference and less than 13 ml for LV volume differences. These differences are similar to inter and intraobserver variability for measurement of LV volume from studies in 1979 [31, 32] . tracking. Radial differences were distributed over the entire surface, with higher values on the lateral-posterior wall, which corresponded to poor image quality (due to scanning set up). The QLAB segmentation provided very smooth surfaces, well tracked by the OF. Larger errors were again observed on the lateral posterior wall.
Comparison of the two experiments shows that OF over one time-frame can preserve the smoothness of the surface but will tend towards more convoluted surfaces during temporal propagation of the tracking process. Based on the high agreement with manual tracing, we can infer that OF might be a good candidate method to guide a deformable model with high smoothness constraints to better adapt to the ultrasound data and incorporate temporal information in the segmentation process. On the other hand, OF tracking could be adapted to these smoothness constraints, better ranked by cardiologists, to track larger spatial windows around the endocardial surface.
Conclusion
A correlation-based optical flow (OF) method was evaluated on RT3D ultrasound for tracking of the LV endocardial surface based on segmentations of the ED frame via manual tracing and QLAB segmentation from Philips Medical Systems. Geometries of the endocardial surface over the whole cardiac cycle from individual segmentation methods or tracked via OF were compared via quantitative mapping of relative radial differences of a fitted finite-element mesh. Results showed a promising ability of OF tracking to follow the endocardial surface on experimental and clinical data sets. Very high accuracy was achieved with two open-chest dog heart data sets and clinical data set using manual tracing. Similar patterns of abnormal motion appeared on the fractional shortening maps for the abnormal dog data set. When initialized with QLAB segmentation and re-initializated during the cardiac cycle, OF tracking also showed good tracking ability. Our experiments showed that OF tracking performance was not affected by tracking direction or initial time frame selection. Introducing reinitialization and averaging shape results from forward and backward tracking improved agreement between OF tracking and QLAB segmentation. This study showed encouraging results regarding OF performance to accurately track the LV endocardial surface, yield dynamic information from RT3D ultrasound and provide automated dynamic interpolation of segmented endocardial surfaces.
